The Atlantic margin off Morocco with its neighbouring Jurassic oceanic crust is one of the oldest on earth. It is conjugate to the Nova Scotia Margin of North America. The SISMAR marine seismic survey acquired over 3000 km of MCS data and 1000 km of wide-angle profiles in order to image the deep structure of the margin, characterize the nature of the crust in the transitional domain and define the geometry of the syn-rift basins. We present results from the combined interpretation of the reflection seismic, wide angle seismic and gravity data along a 440 km long profile perpendicular to the margin at 33 -34¨N, extending from nearly normal oceanic crust in the vicinity of Coral Patch Seamount to the coast at El Jadida and about 130 km inland. The shallow structure is well imaged by the reflection seismic data and shows a thick sedimentary cover which is locally perturbed by salt tectonics and reverse faulting. The sedimentary basin thickens from 1.5 km on the normal oceanic crust to a maximum thickness of 6 km at the base of the continental slope. MCS data image basement structures including a few tilted fault blocks and a transition zone to a thin crust. A strong discontinuous reflector 2 I. Contrucci et al.
In this study we present results from the combined interpretation of seismic reflection and wideangle data on a 440 km long profile extending from nearly normal oceanic crust in the vicinity of Coral Patch Seamount to the coast at El Jadida and about 130 km inland (Figure 1 ). On Profile 4, presented in this paper, 12 OBH of Ifremer, one OBS of the University of Lisbon and one OBS of the University of Barcelona were deployed, all of which yielded good data. The marine shots were successfully recorded by 14 landstations (HATHOR Leas) of the network of the INSU (Institut National des Sciences de l'Univers). A total of 1957 shots were fired from a 4850 in ¦ (79 l) airgun array at a shot spacing of 150 m. The source was tuned to single bubble mode to enhance low frequency and allow deep penetration (Avedik et al., 1993) . Most of the profile was reshot using a smaller (2369 in ¦ ) (38.8 l) source tuned to the first peak to enhance the resolution of the image for the sedimentary layers. Both MCS profiles were recorded using a 4.5 km long 360 channel streamer, yielding 15 fold trace coverage. OBH, landstation a seismic streamer data were recorded at a sample rate of 4 ms. No reflection seismic data could be aqcired east of OBS 02 due to the shallow water depth.
Processing of the multichannel seismic data was performed using the Geovecteur processing package. It included spherical divergence correction, FK-filtering, bandpass filtering (3-5-50-60 Hz), internal mute and dynamic corrections. Velocity analysis was performed every 200 CDP for the final stack. The last processing step included applying an automatic gain control and a Kirchoff migration using water velocity (Figure 2 ). The sedimentary layers often disturbed by salt tectonics are well imaged in the reflection seismic section. The basement reflector is clearly distinguishable throughout the section, except directly underneath the salt diapirs. Reflections from the Moho are scarce and confined to the western half of the profile.
Preprocessing of the OBS data included calculation of the clock-drift corrections (between 0-4 ms per day) to adjust the clock in each instrument to the GPS base time. Instrument locations were corrected for drift from the deployment position during their descent to the seafloor. After this correction the instrument locations are between 0 and 100 m off the line, which does not affect the interpretation, as the true source-receiver offsets are used for the modelling.
The two OBS (14 and 13) located on nearly normal oceanic crust as well as the three westernmost OBHs (12, 11, 10) display an excellent data quality with clear arrivals up to offset of 100 km ( Figure 3 ). Data quality decreases slightly eastward due to a thick layer of salt which prevents penetration of the acoustic energy down to deeper crustal layers. The presence of fault blocks and tectonically disturbed sediments complicates picking and phase identification at the continental slope. All landstations gave very good data with clear arrivals at offsets up to 200 km (Figure 4 ).
SEISMIC VELOCITY MODELLING
Picking of first and later arrivals was performed without filtering where possible (mostly between offsets of 0 -40 km). Different filters were applied to the data where necessary, depending on the quality of the data and offset to the source, as arrivals from longer offsets are of lower frequency compared to short offset arrivals. Estimated picking uncertainties for the OBS data were 30 ms for the direct water wave, 50 ms for all sedimentary arrivals, 60 -80 ms for crustal arrivals and 80-120 ms for arrivals from the Moho and mantle. Picking uncertainties for the landstation data were chosen to be larger because of the larger offset between the instrument and the shots, 100 ms for the crustal arrivals and 150 ms for the arrivals from Moho and upper mantle.
The data were modelled using the combined forward and inverse modelling software package RAYINVR (Zelt & Smith, 1992) . The layer stripping approach was used and layers were modelled from the top of the model downwards. Upper layers, where not directly constrained by arrivals from within the layer, were adjusted to improve the fit of lower layers.
The final velocity model consists of three sedimentary layers modelled with velocities of 1.60 -1.70 km/s for the shallowest layer, typical for young sediments with a high water content, 2.80 to 3.00 km/s for an intermediate sedimentary layer and 3.70 -3.90 km/s at the deepest parts of the model, probably consisting of older, load compacted, sediments (Figure 5a ). One layer containing salt was modelled using a velocity of 4.40 -4.80 km/s. The geometry of the sedimentary layers shows good agreement with the reflection seismic data, although not all details of the layers are fully resolved by the OBS data. The sediments and the basement are gently updomed at about the model were modelled with velocity gradients from 6.20-6.40 and 6.6 to 6.80 km/s. At the continental slope area the velocity of the upper crustal layer is reduced to 5.60 km/s. The crustal thickness increases eastward from around 8 km at Coral Patch Seamount to 35 km underneath the continent. Beneath this part of the model, a third crustal layer was modelled displaying a velocity of 7.00 to 7.40 km. The upper mantle layer displays velocities from 8.00 to 8.30 constrained by numerous P© arrivals along the profile. 
ERROR ANALYSES
Velocity gradients and the phase identification in the velocity model were further constrained by synthetic seismogram modelling using asymptotic ray theory (Zelt & Ellis, 1988) . The synthetic seismograms generally show a good agreement with the recorded sections, especially in the oceanic domain ( Figure 3b ) and for the landstations (Figure 4b ). Table 1 .
The continental portion of the model is well-constrained by the landstation data, while parts of the model on thin continental crust and oceanic crust are constrained mainly by OBS data ( Figure   6 (a) and (b)). Additional information about the quality of the model can be gained from the resolution parameter (Figure 6 (c) ). This parameter is a measure of the number of rays passing through a region of the model constrained by a particular velocity or depth node and is therefore dependent on the node spacing. Values greater than 0.5 are considered to be well-resolved. Generally the model is well-constrained, with values greater than 0.5 for the most of the crustal and sedimentary layers as well as the upper mantle. The subaerial El-Jadida basin between 320 and 380 km model distance shows a low resolution values, mainly due to the lack of short offset information for the landstations. The first sedimentary layer is poorly resolved, because no turning rays in this layer could be detected in the data sections, due to their very short offsets. The salt diapir at 250 km model offset is not resolved by the wide-angle data and its geometry has been taken from the reflection seismic section. The third sedimentary layer and the lower crustal layer underneath the continent show a slightly lower resolution than the rest of the model, which is explained by the fact that both layers are mainly modelled from reflected arrivals, as no turning rays from these layers could be picked.
GRAVITY MODELLING
Since seismic velocities and densities can be correlated, gravity modelling provides important additional information on the seismic model. Areas unconstrained by the seismic data can be further constrained by gravity modelling.
In a first step, the mean layer velocities from the seismic model were converted to densities using the empirical relationships from Hamilton (1978) , Hughes et al., (1998) and Ludwig, Nafe and Drake, (1970) The gravity anomaly along the profile has been extracted from the free-air gravity dataset obtained by satellite altimetry of (Sandwell & Smith, 1995) (Figure 8 ). The gravity data were forward modelled using the GRAVMAG gravity and magnetic modelling software developed by the British Geological Survey (Pedley et al., 1993) . The resulting gravity model of Profile 4 consists of 11 polygons with constant density each ( Figure 9 ). To avoid edge effects the model has been extended 200 km at both ends and down to a depth of 95km. anomaly around 210 km model distance can be predicted in amplitude however the maximum is shifted slightly to the NW, which might be due to three dimensional basement topography in this area.
NATURE OF THE CRUST IN THE TRANSITIONAL DOMAIN
One of the main aims of the SISMAR seismic experiment was to define the nature of the crust in the transitional zone and to locate and quantify the occurrence of serpentinised mantle material present in the crust. Serpentinised mantle material characteristically displays a seismic velocities between 7.0 and 7.6 km/s which is in between those of lower crustal gabbros (6.5 -6.8 km/s) and those of normal mantle material (8 -8.2 km/s). No such zone has been included in the final velocity model. To answer the question whether this is due to the data quality, which does not allow the zone of anomalous seismic velocities to be resolved or whether the lack of anomalous velocities are constrained by the data, an alternative velocity model has been constructed including a layer of higher seismic velocities between the continental and pure oceanic domains ( Figure   10 ). By deepening the Moho discontinuity it was possible to find an equally good fit between the predicted and observed travel-times as for the final velocity model. The F-test demonstrates that no significant difference in the travel time fit of the data is found between both models. The possibility of significant variances between both model is only 16 %.
To further investigate the problem synthetic seismograms have been calculated using both models (Figure 10 ). The lower amplitude of the arrivals from the lower crust and the stronger P P reflection seem to support the hypotheses that the lower crust is gabbroic rather than serpentinised upper mantle material. Also, the fact that the higher gradients in the lower crust lead to a fading out of arrivals from the layer earlier than seen in the data supports the crustal nature inferred from the final velocity model.
DISCUSSION
The ocean -continent boundary:
The final velocity model ( Figure 5 ) shows a 35 km thick continental crust, which thins to about 7 km over a distance of 150 km (near OBS 10). If the crust at OBS 10 is continental in nature, then this implies an extension factor of = 5. Indeed, several lines of evidence favor crust of continental affinity there. The velocity gradients in the upper crust as well as the basin of high velocity sediments suggest that normal oceanic crust begins NW of OBS 12 or OBS 13. Magnetic anomalies of moderate amplitude (20 nT) at OBS 9 and OBS 12 may represent the prolongation of the S1 magnetic anomaly. Along the majority of the Moroccan margin the seaward edge of the salt diapir province corresponds spatially to the ocean -continent boundary as identified on seismic profiles (Hinz et al., 1982; Roeser et al., 2002) . A salt diapir penetrates the seafloor between OBS 8 and 9 and a smaller amplitude diapir is imaged by the MCS data just NW of OBS 10. Salt diapirs identified from other reflection seismic profiles are located close to OBS 12 and OBS 13, southeast of the prolongation of the S1 anomaly through OBS 12 indicating a location of the ocean -continent boundary between OBS 11 and OBS 13 (Sahabi et al., in prep.) . Downward migration of the salt layer over the ocean -continent boundary onto oceanic crust as has been found for the conjugate margin of Nova Scotia (Keen & Potter, 1995a) would be associated with sedimentary faulting but is not observed in our study area.
This interpretation is in good agreement with the wide-angle seismic model which shows a two-layered crust with velocities between 6.2-6.4 km/s and 6.6-6.8 km/s more caracteristic for thinned continental or transitional crust between OBS 09 and OBS 12. Only OBS 13 and OBS 14 show velocities and velocity gradients more typical for oceanic crust.
This interpretation is also consistent with the free-air gravity anomaly of the area. Profile 4 crosses a strong gravity minimum with an amplitude of -160 mGal. This minimum is deepest at the foot of the Mazagan Plateau and extends 150 km both to the ENE and to the SSW. Oceanic crust in isostatic equilibrium typically shows a free-air gravity signature close to zero. The gravity minimum corresponds to the portion of the velocity model, where the Moho depth increases from 17 km to 24 km, yet the seafloor depth remains nearly constant at about 4000 m. This suggests that the gravity minimum is thus a geophysical expression of thinned continental crust. The minimum disappears near OBS 11, where the -40 mGal contour is reached and the gravity signature is no longer distinguishable from that of the Seine Abyssal Plain oceanic domain.
The continental affinity of the crust SE of OBS 7 is clearly expressed by the velocity model, with upper crustal velocities of 5 -6.2 km/s as well as a high velocity gradient. The four high velocity ridges, with syn-rift tilted sediments imaged in the MCS profile are typical for tilted basement blocks. This interpretation is confirmed by DSDP drilling data which penetrated granitic gneiss in the ridge between OBS 5 and 6 (Hinz, Winterer et al., 1984) . The velocity effect of these ridges is expressed as undulations in the far-offset arrivals recorded by the landstations.
Holik and Rabinowitz (1991) find a zone of unusual high seismic velocities in lower crust south of Profile 4 (Figure 8 ) from sonobuoy refraction seismic data. They interpret these high velocities as underplate originating from the passage of the Canary Hot Spot. As the region of high velocity seems to replace the lower crust rather then to be located underneath the crust, an alternative explanation of the high velocities might be the existence of serpentinised upper mantle material in the crust at a magma-starved margin. This zone is broadest south of 33¨and disappears around 34.5¨just south of Profile 4 maybe due to higher magma production rates during opening.
Thus cannot be observed in Profile 4, but might appear in the profiles perpendicular to Profile 4.
Calculation of the spreading rate during early spreading is complicated by the small amplitudes of the magnetic seafloor anomalies produced during the Jurassic magnetic quiet zone. Analyses of a compilation of shipboard magnetic data, including a deep tow gradient magnetometer data in the study area reveals weak anomalies striking parallel to the high amplitude anomaly M22 lying to the west (Roeser et al., 2002) . From modelling of these anomalies a half-spreading rate of 2.2 cm/y has been modelled. For comparison Holik et al. calculated the half spreading rate between anomalies S1 and M25 to be 1.68 cm/y. Spreading rates higher then 2 cm/yr are generally believed to produce normal oceanic crust of a thickness around 7 km (Bown & White, 1994) . The crust west of the extend of anomaly S1 (OBS 11), believed to mark the onset of ocean floor spreading shows a thickness of 8 km. This is in good agreement with predictions from numerical studies (Bown & White, 1994) . However the crust in this area has been tectonically deformed and has been overprinted by the late Cenozoic igneous activity from Coral Patch and Ampere Seamount (Roeser et al., 2002) , so the original crustal thickness might well have been lower.
Comparison to other margins:
The lack of syn-rift magmatism together with the imaged crustal structure (prominent tilted fault blocks, absence of seaward dipping reflectors, etc.) lead us to interpret the Moroccan margin along profile 4 as non-volcanic in nature. A compilation of crustal structure from other nonvolcanic margins in the North Atlantic -Iberia domain, indicate a similar overall crustal structure (Dean et al., 2000) . The width of the extended continental crust for these other margins is typically 100 -150 km, while a zone of transitional crust several tens of km wide is commonly observed. This transitional crust is defined as a thin upper crustal layer (less than 3 km thick) with p-wave velocity less than 7 km/s underlain by a high velocity lower crust (p-wave velocity 7.0 -7.9 km/s (Dean et al., 2000) . While the extended continental domain is 150 km on profile 4, such a transitional crustal domain is not clearly observed in the velocity model. There is a 50 km wide region of thin crust (6-8 km thick) from about OBS 10 to OBS 13, but lower crustal velocities are slower than those defined as transitional and thought to represent serpentinised upper mantle. An alternative velocity model (Figure 10 c) with anomalously high lower crustal velocities also provides an adequate fit to the travel time picks and cannot be ruled out.
There are two possible explanations for the observed absence of transitional crust on the Moroccan margin at 34 deg. N. This zone may be present, but cannot be clearly imaged by our velocity model, as discussed above. Alternatively, a serpentinised upper mantle domain may form asymmetrically as the result of simple shear in the upper mantle, allowing the lower plate mantle to be exhumed (Wernicke, 1985; Chian et al., 1995) . In this scenario, serpentinised upper man-tle would be found on one margin, but be absent on the other. Published seismic data from the conjugate Nova Scotia margin indicate the presence of anomalous, high velocity crust (Keen & Potter, 1995a) . Thus, the Nova Scotia margin may represent the lower plate, where upper mantle exhumation has occurred. Normal oceanic crust in the northwestern most 100 km of the model is 7 km thick consistent with estimated spreading rates of 2 cm/yr (Roeser et al., 2002; Holik et al., 1991) . The seafloor is gently domed and the sedimentary layers show fold and minor thrust faulting suggestive of basin inversion and compression.
CONCLUSIONS AND OUTLOOK

Wide
A lateral transition exists in the nature of the Moroccan Margin around 33¨N. South of this latitude seaward dipping reflectors have been identified and the S1 magnetic anomaly is strong, both observations having been interpreted as evidence for syn-rift magmatism. North of this latitude no SDRs are identified and the prolongation of S1 becomes weak and discontinuous. These observations are mirrored by existing results from the conjugate Nova Scotia Margin of North America, where a similar transition from volcanic to non-volcanic margin occurs from south to north, respectively. Detailed work on the deep crustal structure from the Nova Scotia margin is necessary to determine the degree of asymmetry of the rift prior to oceanisation and to decern which extensional processes formed both margins. Similar studies on the Morrocan Margin south of 33¨N may shed additional light on the factors controlling the transition from a volcanic to a non-volcanic margin.
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Figure 7:
Relationship between velocity and density from Christensen and Mooney (1995) for continental crust, (Carlson & Herrick, 1990) ; (Ludwig et al., 1970) , (Hughes et al., 1998) and (Hamilton, 1978) for marine sediments. Crosses indicate velocity and corresponding densities used for gravity modelling. Grey shaded areas mark the error bounds of 0.25 g/cm . (Sandwell & Smith, 1995) . Underlain are positive magnetic anomalies between 20 and 100 nT (Verhoef et al., 1991) . Black polygons mark positions of salt diapirs after (Sahabi et al., in prep.) . Stippled area depicts the extend of the zone of unusullally high lower crustal velocities from sonobuoy data (Holik et al., 1991) . 
